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Abstract

— ¢

Tyoe I or insulin-dependent diabetes mellitus and 1ts corplica-

a

A -

tions result from deficient insulin oroduction resulting in altered

: carbohydrait‘e'rretaf)olism and a progressive microangiopathy.

@
Pancreatic islet transplantation restores glucose homeostasis

by replgcing functicnal, insulin-producing B cells, Intrasplenic
. ~ ] , . .
" autotransplantation has evolved as a successful model of mancreatic

islet transplantation, but the optimal technique for oreparation

of the pancreatic tissue ‘has not been established.

A simplified method of pgeparing dispersed pancreatic tissue
fragxrér{t?s‘ihsorpQrating hand-mincing and limited collagenase disges-
4ion was studied. Efficac§ was assessed by comparing the clinical
and biochemical status of animals that received intrasplenic auto-

transplants of prepa.réd tissue with 'normal and apancreatic control

arlimals. . SR ~:3 , o ' ' .
‘Normal in{:favenoﬁa 'qluco"s'e tolerance test (IVGTT) and insulin ’
" responhse curve.s were o\btained_ preoperati-vely.- Total ‘pa'.r;createcton‘y,
was_pérformed in 21 rongrel dogs weighing 15-25 kg.. Seven dogs
'r:‘eceived 'no‘fur'ther therao; and served ds apancreatic controls
(_A?C) . The re.ﬁ\aining animals were autbtrar’l‘{éplanted, bv direct
"ir'.}jeé_tionlipffprepared tisshe iht?-fﬂie spleﬂica.ﬁulp. In one group

. A
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‘n=7", tissue was prepared by hand-mincincg followed by collagenase

) -~
4. 7estion at 37° for 10 mifiutes (CD). In the second group (n=7!,
hand—mincinq was used without collaqe{xase digestion (NCD). Insulin

—

(n.2-0.5 U/kg) was given for 12 days post—-oreratively to all trans-
planted animals. The animals' weight, fasting serum glucose lewbls
and survival were recorded. IVGIT's were nerformed two and six

-

wegks post-transplant. oThe glucose decay constant (k value) was

calculated for each grouo. Insulin response curves were cbtained

two weeks ‘after transplantation.

There was no coerative mortality. | Intrasplenic ‘injection Dro-
duced no significant complications. Total mancreatectomy nroduced
a characteristic diabetic state with a mean survival of 15 t 4.4
days. NCD animals survived 24 + 4.2 davs and D animals survived
43 + 11 days, the latter significantly longer than the APC group
(n < 0.05)’. ‘Mean IVGTI"curves, k values and insulin fespons‘e curves

»-fof NCD and CD animals were not different from the APC group,
however. Transient normoglycemia wés present Vin'two CD animals for.

13 and 4_8 days but IVGTT results and k values were not normal.

Total pancreatectomy in the dog produced a severe diabetic
sta’;e with rapid deterioration. Although transient normoglycemia
was achieved in two animals receiving collagenase-digested tissue,
nneither:(rethod of preparation employéd in this exveriment was
éatisfaétory. Oollagenasé appears fo benefit tissue processing’but

" further"\]évaluation of its application to bxe oreparation-of oan-

Creatic tissue fragments is required.

vi
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Autrotransplantation ot Dispersed Pancreati,” Tisswe

- Fragments 1n the Duag

1.. Introduction

In reporting to the United States Congress 1in 1975, the National
Canission on Diabetes stated that diabetes mellitus was the fifth -~
leading cause of death from disease (11). Approximately five percent.
of the population had ciiabetes, and their life—expectancy was two—
thirds that of the general population. The incidence of diabetes A
was noted to be increasing by s_ix percent per year and the number

of diabetics in the population was expected to double in 15 vears.

Y

Diabetes mellitus 1s an endocrine disorder characterized by

»

hormone-induced netabolic abnormalities, neurovas—ular lésions and

L2
‘

'iong—tlerm canpiications (18). Dliet therapy and exogenox%s insulin
‘administration have profoundly altered the short-term course of
;'El}abetes. However, significant norbidity and mortality are now
. well recognized as resultirg [-om nwajer complications’ de;/elcpinq
Q/lo to 20 years after the d_lacmosm has been made (18). The o
. elevated blood glucose lewvel that appear to be the major contrl-
buting factor in the develogrent of the lesions which appear in
patients with long standiﬁg diabetes mellitus (28). Strict
control of blood glucose 1evel.s by administering multiple injections

of insulin daily will slow the progression of microvascular lesioﬁs

SN



(1) but in clinical practice, even when So—calléd ti1ght control
is maintdined, diabetics often demonstrate wide fluctuations in
blood glucose levels that do not occur in nqn—diabetic individuals
(28,61). New modes of therapy are %equired 1n an attempt to pre-
vent, arrest or delay the develomment of the late complications

of diabetes mellitus. One approach has been the transplantation

of pancreatic islet tissue.

4.?,,



! [I. Review of Pancreatic Trangﬂéﬂtagg\on

Pancreatic transplantation as a method of tr:ating diabetes
was &mt suggested by Szabolew in 1902 (774.. Qiowever, the first
pancreatic transplants were performed in experimenfél animals by
- Hedan 1in 1893 (77). Portions of duct-ligated pancreas were hetero-
topically' transplanted in dogs after total pancreatectcmyvand 1t
was founa that diabetes did not develop L‘l.ntll the transplants were
removed. Hedan hypothesized that an internal secretion was pro-
duced by the transplanted portion of pancreas that prevented dia-
beteé,.and this secretion was not related to, or dependent upon,
the dbvious éxter‘nal excretion of the pancreas. Laguesse subse-
quently proposed fhat the yellow clusters of cells, fir‘st described
by Langerhans in the rabbit pancreas in 1869, were responsible for
the ’interﬁal seCretion postulated by Hedan (79). Laguesse called

the cell clusters "islets of Langerhans".

The concept of transplantation was almost completely forgotten
wheﬁ insulin was isolated from the canine pancreas by Banting and
Best in 1921  (4) , followed by a new era in the .therapy of diabetes
mellitus when long acting protamine zinc insulin was developed ‘or
camercial production by Hagedorn in 1936 ( 79) . During World War
11, cbservations made by Loubatieres led to the development of
sulfonyl urea derivatives which could be given orally to stimilate
the pancreas to increase insulin output. I;y 1955, clinical trials
on diabetic paé&eZts had been undertaken and oral hypbglyoemics
were becaming a significant adjunct in the therapy of diabetes

mellitus (79).



.,n

Insulin has a simificant effect on ciabetes mellitus by
controlling symptams, preventing ketoacldosis, and prolonaing 1 fe. 5
However, as diabétics lived longér, previously U{lrecoqruzed compli-
cations were found to dewelop affecting the eye, ki,dnéy, cardio-
vascular and nervous systems. It has been proposed that the develop-
ment or progression of the late complications of diabetes mellitus
can be ameliorated by precise requlation of carbohydrate metabolism
and that this can best be achieved "througi% the homeostatic control
of metabolism by endogenous release of insulin from ﬁransplanted
islets or pancreas" (51). While the questio?bf whether or not
normalization of garbohydrate metabolism will prévent the develop-
ment of late ccr@licat_ions has not been oonplet;iy r-e§olved, several
ébservations can be made which support the hypothesis that the
lesions associated with diabettes are secondary to abnormal metabolism.

First, several long-term follow-up studies have shown that a relation-

ship exists between the duration of the disease, control of blood ,

sugar levels and the developrent of retinopathy and nephropathy (51).
Second, these lesions develop in patients with diabetesssecondary ‘
to otherdiseasé states affecting the pancreas, for example, hemo—

chramatosis (51). Third, nephropathy and retinopathy develop afteri

A
1

diabetes is induced in laboratory animals, and these lesions are

similar to those appearing in human diabetics (23;79).  Fourth,

“r

animal studies have shown that insulin therapy or transplantation 2

of pancreatic islets, which reduce hyperglycemia, can prevent or
minimize the late or secondary lesions of the eye, kidney and nerve

(23,50,70,75). Finally, renal transplant experiments in isogeneic

i
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rats have demonstrated that xidneys transplanted from diabetic to
normal animals show resolution or arrest of the diabetic changés,
whereas normal kidneys transplanted to diabetic rats develop the

characteristic histologic lesions of diabetes mellitus (45).

+

THese observations have provided the impetus and justification

-

for continuing investigative efforts to develop a safé, efficient

~

method of transplanting pancreatic islets. While the ultimate curc
for diabetes may be found in methods designed to correct or bypass °ﬁ .
specif‘ic def%ts in the diabetic B cell, replacement of defective

B cells by transplantation of normal islets can provide a direct

and immediate solution to the problem (41).

A. Whole Organ Pancreatic Transplants

o
Initial efforts at replacing dgfective B cells attempted to
;g;ansplapt whole orbsegmental‘ organ grafts. Houssay, 'Ain 192\7, tran;-

planted the pancreas to the neck of a dog and daTongUatea short-
éerm reduction of hyperglycemia (51). Numerow¥ techniques have b'een“
reported since that time and all attest to the camplications associ~
ated with whole organ,-pancreatic' transplants, .includina; vascular
thrambosis, pancreatitis, graft rejection and difficulty in establish-
ing control of the exocrine secreﬁions ffom the pancreatic duct (46.) .
Tﬂe first systematic trials of human pancreas “transplantation begén
in 1966 when Kelly, Lillehei and associates performed combined renal
~
and whole organ pancreatic transplants (6,29). By 1974, Lillehé_i
" and associates had demonstrated the effectiveness of whole organ'

pancreatic transplants in diabetic patients using a pancreatico-



ducdenal graft, but the morbidity and! mortality were hih (22).
Sepsis,'éraft rejection, anastamtic breakdown, fistula formation
and @orrhage were encountered. Control of the exocrine secf.e—
tions became a primary cancern because the unrequlated enzymatic
action of the secretions was thouth to be responsible for most

of the ocmplicat'ions (10,71). A variety of techniques were stud/ied
including irradiation of the glaﬁd, bdministration &f 5-fluorouracil
or methylprednisolone, duct ligation, cutaneous duodenostomy and
drainage by an intraperitoneal Roux-en-Y ioop (43,51,78). It\became
apparent that the inclusion of aﬁy poftion of the duodenum was
associated with the highest incidence of camplitations, including
- rejection (76). By eliminating the duoéenum from the graft and witg
the knowledge that the tail of the pancreas contalns the largest
nurber of islets per unit of tissue (25,57), the next logical step
was to transplant the distal portion of fhe gland based on a

vascular pedicle made up of the splenic arteryhand vein.

]
-~

xr

B. Vascularized Segmental Pancreatic Graft

»

As with whole organ transplants, th%%majorntechni 1 problem
with vascularized segmental pancreitic grafts has been the manage-
ment of fhe exocrine secretions. Four basic manoceuvers have been
used to control the pancreatic secretions: duct ligation; duct

cbliteration, closed duct' drainage and open duct drainage.

Ligation of the main pancreatic duct was advocated by Kelly and

4 /7
Lillehei in their early work with whole pancreas transplants (29).
. 4 -

\

Duct ligated grafts have been successfully transplanted in animals

s

{
A



and humans, but camplications such as oancreatitls, f{istulae,
loculated fluid collections, and sepsis, develomd 1n almost all

cases (72).
\
There has also been controversy regarding the late effects!of

pancreatic duct ligation on 1slet cell function. Draystedt re_ri)'rt(xi
. 1n 1943 that diabetes frequently develooed in dogs as a résult of
extgnsive degeneration of the pdﬁcrqu aft_er occlusion of the
pancreatic duct (17). Ip 1969, Idezuki and coclleagues demonstrated

‘A

that severe atrophy and fibrosis of exoér%e tissue secondary to

ductal ligation could finally lead tdvjéfz'f&ocriJie insufficiency (26).
A significant number of the animals that received duct-ligated
pancreatic grafts derroi'@’tratai latent or overt diabetes. 'fhey postu-
lated that ;ﬁe atrophiégi, f,lbrotlc pancreas maintaines the ability

;;‘"7-.15.‘;. - -
to secrete’ insulin but that there was diminished blood flow across

s

the islets in the fibrotic pancreas after duct ligatidn. _ The reduced
blood flow was insufficient to remove adequate quantitles of -‘insulin
fram the pancreas in response to a hyperglycemic challenqu (26).
Other investigators reported ‘the development of hyperglycemia six

to eight months after autotransplantatioxf of canine pancreatic
segmental grafts; shorter observation periods did not identify
endocrine ins'ufficiency although atrophy and fibrosis were present.
Idezuki'conc/luded that while the human pancreas may be less suscep-
table to fibrosis after transplantation, particularly when rejection
is cmtxolled, free drainage of exocrine secretion should be used

to prevent the fibrosis and possible secondary deterioration of -

enéocrine function (26).

)



A contrasting view was presented by 1n*xesgqat.ors fram Geor e
town University (69). Morphological findings were studled in duct-
liqatéd isografts, allografts and longstanding allografts in condi-
tioned hosts. Minimal f&grosis, an absence of inflarmatory cells
and indefinite. survival characterized the 1lsografted pancreatic
tissue while both types of allograft demonstrated varying decrees of
pancreatitis, denéé fibrosis and islet destruction. It was con-
cluded that the pancreatitis that occurred 1n duct-llgated pancreatic
allografts was not a sequel of duct ligation, but rather, a result
of rejection, and that fibrosis in response to duct ligation does

£
not have a detrimental effect on islet cell function (69).

Duct obliteration by injecting Neobrene into the main pancreatic
duct ét the time of surgical removal from the donor was advocated
‘ by Traeger and Dubernard (16,74). Neoprene is a synthetic polymer
tﬁat, when injected into the pancreatic duct, fills the duct‘gnd»the
acini of the pancfeas. The material then hardens and prevents
release of the enzymes. Héwever, it is somé£imes difficult to
cxnpleteiy,fill all acini and small loculations of eni?nerrich fluid
can collect and becofe sites of active tissue digestion or infectién.
Neoprene also incites a reactive, progressive sclerosis about the

obliterated duct and most of'the grafts performed by Traeger and

§
Dubernard ceased to function after one to eight months due -either

‘to the fibrotic reaction tor the Neoprene or fram graft rejection (15),.

/

Cyancacrylate tissue adn@dawve and silastic have also been employed
to cobliterate the pancreatic duct system, and a lower incidehce of
*camplications has been reported with each technique (48,66).

-
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The gquestion of the lonu—term &ffects of duct occlusion on islet

cell function 1n segnental pancreatic transplants has not lxen fully

<

ans@ered, but these potential camlications may be avolded 1t the
grédfts can be successfully transplanted without cbliterating the
ducts. Closed dralnage techniques direct exocrine secretlons into
a hollow viscus or externally to the skin surface. Creation of an
external fistela has numerous disadvantages (46) and most lnvesri—
gators have concentraterd on internal drainage methods. Agmlno

and associates maintained a rim of papillarv mucosa about the duct
orifice to facilitate construction of a duct;jejunostomy (2).
Dickerman canstructed a retroperitoneal llmb of j‘ejunum and, dul’mq
a second surgical procedure, transplanted a segmental pancreatic
graft, draining the duct into the sequestered limb of jejunum (12).
Anastamotic breakdown and leakage with subsequent fluid accumulation
and sepsis remained as significant camplications. One technique '
of internal drainage, which has produced continued graft, function
and normoglycemia in dogs for more than three yeafs, was developed
by Gliedman and Gold (20). An anastamosis was made bet@eer& the
pancreatic duct and the adjacent distal end of ureter, allowing
Fpancreatic secretions o drain into the bladder. Initial studies
shawed no evidence of pancreamtls pancreatic atrophy or urinary
tract lnju.ry and hlstologlcal examination of the bladder was normal.
The pancreatlco-ureteral anastomosis, performed over a polyethylene
. stent usuall;' healed w1thln one week and patency was reported as
excel‘lent. This techm.que hask been \apphed clinically with same

success (21):
* . . L)
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Kyriarides dermonstrated that {rec drainage of pancreatio
secretions i1nto the peritoneal cavity 1n Dlgs was well toloratesd
and did not lead to significant cawmlications (39). Activated
pancreatic enzymes are responsible for the patholoylcal process

producing leakage, bleeding and tissue digestion. However, this

[

technique was based on the fact that trypsinogen, the major oro
enzyme 1n pancreatic juicé, was not activated in the absence of
entercokinase, normally derived from qut mucosa. The exocrine se-—
cretions from the pancreas were allowed to drain fram the unligated,
unobliterated pancreatic duct and were reabsorbed by the peritoneun.
Kyriakides and Sutherland subsequently apolied the open dralnage
technique in dogs and found that pancreatic grafts m% unligated,
non-anastamosed d\}cts maintained good endocrine function over several .

months of dbservation (40).

Immediately vascularized whole or segmental parnicreatic grafts
have had only limited success in restl-,orj_ng’ blood glucose levels to
normal in experimental (2,6,40,46) clinical studies (72). Difficulty
still persists in controlling immune réjection and maiptaininq
ex vivo organ viability to permit selection and preparation of trans-
plant recipients. As a result, a great deal of interest has been
qirected to another mode of pancreatic transplantation, ui:ilizing

free grafts of islet tissue.

C. Transplantation of Pancreatic Islets

Initial attempts at pancreatic islet transplantation incorporated

implantation of tissue fragments in various sites in experimental



animals, s inciuding ghe testis, the anterior chamer of the eve and
” *

vockets 1n muscle and subcutaneous tissue 9. The anterior chanber

Lt the eve 1solated allotransplanted tissue from host detenoes, but

the small amount 9f tissue that could e accamdated by thils site

was 1nsutficient to maintain normoxglycemia. Other sites such as

subcutaneous or mLEcle pockets permitted irplantation ot laraer

amounts of tissue, but lmmune rejection rapldly terminated function

of transplanted tissues. There also appeared to be wide variation’

in the efficacy of tissues transplanted at various sites demonstrating

variable tolerance to the transplanted tissue. Atterpts at implant-

: . . ) v .

ing adult pancreatic tissue fragments in muscle pockets were unsucoess-

ful because of damage to host, and donor tissues by the associated

exocrine enzymes (7).

Investigators were therefore confronted by three prablems 1in
attempting to transplant pancreatic islets. Immne rejection was,
‘and continues to be, the pre—erninenﬁ i)roblem (71) . Islets hawe
been denonstrated to be immunogenic, and allografts of islet tissue
are rejected rapidly (5,19,33,41,65,67). Using conventional methods
of immunosuppression, limited success has been achieved with allo-
graft islet transplantation in laboratory animals (71). Much of
the experimental work involved in. solving the less formidable
prablems associated with islet transplantation has been performed
using isogeneic strains of mice or rats, and autotransplants in
larger animals such as the dog or monkey, in order to bypass the

phenarenon of rejection.

Determination of the optimal site of implantation is the second
®

problem eficountered. * Insulin from the pancreas is normally secreted

A r
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-C;ngto the portal venous system, draining to the liver and the

*  concentration;of insulin in the portal venous blood 1s ten times

the concentration in peripheral venous blood. Lacy, in a discussion

of potential sites for tissue implantation, concluded that the
- . -8 - .
site should be chosen "to ensure portal drainage and access of high

insulin corfcentrations reaching the liver" (3). Kemp et al campared

14 N B

the function of isolated islet isografts transplanted subcutaneocusly,
/ . . 5 . .

e .

intraperitdneally., directly into the portal ;vein‘op ‘into the posterior -

. v

vena cava of diabetic rats. The portal site of injection resulted
in énboli;ation of islets to the portal tracts of the l;ver, and
this site was fourd to be sﬁpérior to all other sites tested (30,31).
The spleen also drains into the portal venous gysten and has been

shown to be an effective site for implantation (71). In particular,

*

tﬂ'lespleen tolerates a larger volume of tissue We liver, as
well as providing a rich vascular bed to nourish ti{afnsplanted tissue
(38). '

For pancreatic islet transplantation to correct the metabolic
abnormalities of diabetes successfully, a sufficient number of viable
islets must be transplanted. The source and technique of preparing
islets 1is the third major problén associated with pancreatic islet
transplantation. Using fetal, neonatal or adultApan\creatic tissue,
a variet);'of techniques have been developed to harvest viable islets.
t As. in whole or segmental organ transplantation, initial experi-
ments démnétratép that control of the effects of the exocrine’
gpor;cion of the pancreas appeared to be critical (35). Efforts were

‘ idirected primarily at seﬁarating the endocrine and exocrine portions ‘

38
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ot the gland. One of the first effective methods was revorted by
Moskalewskl 1n 1965, in which collatienase, an enzyme complex
derived. from a bacterium, was used to vartially diaest pancreatic

tissue and liberate islets in the quinea pig (63).

el

Lacv and Kostianovsky adapted thils technlique 1nto a method tor

isolating intact pancreatic 1slets fram the normal rat pancreas

¢ ’

(42) . Mechenical disruption of the exocrine tissue was achieved by
injecting a salt solution under pressure into the cioxmbn bile duct
and pancreatic ducts. After mincing the tissue, @htrolled collaien-
ase digestion was carried out and isolated isleté could be hand-
vicked fram the partially digested ‘pancreatic tissue under the
dissecting microscove. A nore rapid technique of isolating pa;xcrea—
tic islets after mincing and limited digestion was developed by
Lindall and associates, using centrifugation and a Ficoll discoh—
tinuous density gradient (87).. Ficoll, a high molecular—welght
pblymer of sucrose, ;could beri used to separate islets, but usually
damaged  them in the brocess. In 1973 Scharp andvassociates reported

& -
that insulin rélease from isolated islets was normal if the Ficoll

13 e -

was dialyzed before its use (68) and collagenase digestion with

‘dialyzed Ficoll separation became the . standard islet)isolation
technique. , |

In 1975 Ballinger and Lacy reported the first successful trans-
pla_nt of {solated islets in experimental animals (3). Four to
600 isolated.adult islets were implanted in the peritoneal cavitfy.
of isogeneic rats and reversal of streptozotocin-—induced diabetes

-

was demonstrated over a three-month period of observation.

13
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lacy emphasizex! the advisability of oortal wvenous drainaage of the
S _
transplanted islets and Kemp and his colleaqgues subsequently con-
firmed that intraportal injection of the i1solated islets was the

most. ef fective mode of islet transplantation (30).
Q

Isglation techniques were characterized by low 1slet vield from
a single donor pancreas, and multiple or were requirex] to ame-
’liorate ‘;iiabetes in the rat, using either adult or neonatal. pancrea-
tic tissue'. Subsequently, 1t became obvious that the techniques
for islerit preparation developed in rats would not work when apvlied
to tl*lxe more cérrpact péncreases of the pig, monkey and man (35,68).
Sutherland noted that most or all of the early grafts in humans
failed, probably because of the prablems related to preparation of
the islet tissue. The avérage yield of islets from adult human

pancreases was less than 5%, fram infant human pancreases, 7+ (73).

The low vield of islets and poor €iinical results have directed
attention at the development of ancillary techniques of Eissue pre-
paration to produce a) larger yield of viable islets. Scharp
utilized limited exposure to collagenase during multiple one-minute
digestion periods and a stainless steel microp9re filter which ‘per-
mitted liberated islets to pass out of the digested tissue mass (68).
Another technical modification, | incorporated by Downing and

associates, was venous distension of the gland prior to mincing (13).

Lacy and Kostianovsky (42) had shown that mechnical disruption
by ductal distension improved the islet yield in the rat, but in

the dog, ductal distension of the pancreas produceé an interlobular

. r)
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disruption which does not chysically dissociate the Islets and the

surrounding exocrine tissue. To achieve this, intralobular dis-

4
ruption must occur (14). Injection o! the arterial system oroduced
excellent intralobular disnmption but the i1slets were severely
damaged. Venous injection however, produced the desired eftect
and increased the 1islet vield four-fold compared to ductal disten-

sion. Venous distension did not ampear to damaqe the 1slets, and

collagenage digestion was also facilitated (68).

An alternative to isolating endocrine tissue from mature pancreas
was introduced after studies of fetal and neonatal rat pancreases
revealed that developmentally, functional islet tissue avpears at a
" time when écinar gissue is relatively undifferentiated (24,53j.
Leonard and associates established that neonatal rat pancréas
between the ages of 2.5 to 4.5 days had the hichest insulin concentra-
tiqn. the largest islet volume-percent and the lowest enzyme concen-
tration of either the fetal og post-natal period (44). Bécadse
neonatal Dancreatic tissue is not fibrotic campared to adult tissue,
it easily disrupts with minimal exposure to collaqen;se and isle;

cell damage or loss can be minimized (27,64}).

The essential difficulty in préparing isolated islet cells‘lay
in obtaining an adequate number of viabiqlislets whicﬁ would control
hyperglvcemia when transplanted. In 1976, Mirkovitch aqg Campiche
demonstrated that camplete separation of eﬁdocrine from exocrine
tissue was unnecessary, and that fragments of pancreatic tissue
éompOsed of acinér and islet cells could be sdccessfully autotrans-

planted in dogs (58). After total pancreatectknvy the horizontal

-
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portion of the pancreas containins the fajorlity wrl the 1slet tisswe,
was prepared by collagenase 1njection directly into the oland and
then chopplng 1nto small fragments by hand. The dispersed pancreatlc
tissue fragments were then autotransplanted by retrograde venous
injection 1nto the spleen. All transplanted animils were long-term
survivors, and qglucose tolerance tests performed Juring the fi1fth
postoperative week did not differ from a control group of normal dogs.
Serum insulin levels rose appropriately (58) . The successful function
. of the transplanted pancreatic tissue was confirmed by splenectomy
performed two months after implantation. In all“ animals, splenectomy
was followed by a prampt recurrence of hyperglycemia which persisted
until the animals sucumbed four to 13 days later. Histological

examination confirmed the presence of normal lodking endocrine and

exocrine cells in the spleen.

Subsequently, Kolb and associates autotransplanted sedimented
pancreatic tissue fragments into either the portal vein or the spleen
of dogs (34). In the rat, Amamoo et al had shown that the in&é— . ~
hepatic presence of isolated islets did not significantly alter
the microscopic architecture or biochemical profile of the liver
{92) . However, the use of dispersed pancreatic fragments required
the implantation of a relatively large volume of tissue, and severe
portal hypertension and disseminatnéd intravascuiar coagulation
frequently occurred in experimental animals (34,56). Kretschrer
and assoclates compared ‘intraportal implantation with intrasplenic

injection, either directlﬁ) or by the arterial or venous systems R Q



in the doa. it was concluded that direct implantation of nancreatic
tissue into the spleen was superior when 50 to 120 ml of settled

nancreatlc tissue were injected (37).

Although fasting blood sugars were normal 1n animals receiving
vancreatic tissue fragment imolants, vostomerative glucose toler-
ance tests demgnstrated a slower than normal decline in blood sucar
indicating latent diabetes (34,35,59). Same 1nvestigators have
suqggested that this may simply reflect an 1nadecquate number of
functioninq’islets that may be corrected by transplanting larqér
volumes of tissue (34,59). However, impalired 1islet %unction due to

tissue processing could not be ruled out (34, 35).

Kretschmer and Sutherland perfotmed intrasplenic autotransplanta-

tion of canine pancreatic tissue fragments and studied islet loss

s

- during tissue oreparation (35,36). Mechanical mincing resulted in

islet loss of up to 50 percent, and increasing perinds of collagen-

ase digestion augmented the loss. After incormorating a standard

chooping Fechnique, these investigators established that a period

of 15 to 20 minutes of collagenase digestion nroduced the best

post-operative glucose tolerance curves, but even using an apparently -
o

optimal period of exposure to collagenase, these curves wé%é

significantly different fram normal controls (36).

By utiliziﬁg small fragments of pancreas as the vehicle for
transplanting islets, the ccﬁplications of the techniques of semara-
tion of endocrine and exocrine tissue can be avoided. Normoglycemia

can be achieved and maintained after intr%splenic implantation of

t



autoyenous pancreati1c tissue {raments.  althow:h lucose
1s not camletely normalizexi, this model of mancreat:ic islet trans-
plantation provides a foundation upon which studies may bee based
in an attempt to refine technigues for the prevaration and trans-

plantation of mancreatic 1slets.
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tissue fragments has evolved as a successful model of Dancreat 1ot
islet transplantation. The optimal technique for preparation

f the tissue prior to implantation has not been established.
Mechanical tissue disruption has been demonstrated to be necessary
as an initiél.step in prevaring small fragments of pancreatic t1sshe
(35,68). Exvosure to collagenase enhances tissue fragment disper-
sion, but also contributes to a significant loss of islets (36).
The objective ol *his project was to study the efficacy of a
simplified method of tissue preparation incorporatinag hand-chopping
and limited collagenase didesticn, which would provide a working

model of autotransplantation of canine pancreatic islets.

.19 .



V. Eagxerimental Method

A, Study Groups
Twentv-one mongrel dogs welighine 15-24 kilocrams were studiexd .
in three experimental groups. All experiments were performed at the
Surgiéal—Medical Research Institute of the University of Alberta,
where the animals were kennelled in the large animql vivarium and
were under the care of the investigatorﬁrénd with a@v1ce from a
veterinarian, 1n accordance with the criteria formulated by the
Canadian Council on Animal Care. The animals' regular diet consisted
of 360 g bf meat (Dr Ballard's)‘and 600 a of Pow R. Pac Burger Bits,

and all were permitted unrestricted exercise twice daily.

Prior to being allocated to an experimental group, 12 animals
were studied as normal controls. Subsequently, seven dogs underwent
total pancreatectamy and served as apancreatic controls (APC group).
The remaining 14 animals received autotransplants of dispersed
pancreatic tissue fragments by direct‘inﬁection into the spleen
after total pancreatectcny and tissue preparation. In seven, colla-
genase digestion was perforﬁed after handfchoppipg (CD group){
and in the second transplanted group, aléo camposed of seven dogs,
hand-¢hopping ahm&;uas Qsed to prepare panc%eatic fragments (NCD
éroﬁp).

B. Pre-operative Glucose and Insulin Determinations

Normal values for glucose tolerance were obtained by performing

20
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Dre—oDerative ;:1{:"d‘,":rlurqs lucose tul'e'rang—?' tests CVUTTT) on Ll
uumals.  extrose solution (1.5 m/0r) was injected into a fore-
limb vein 1in awake iini:na secured in a ravlov frame. Venous
‘blood samples were "d)llec/; ed Lmmediately prior to Jdextrose injection
(time zero) and at subsequent time 1ntervals (10,20, 30,60,90,120
muinutes).  3erum glucose determinations were made by the hexok inases
method using an IL Multistgt III z\na‘&yéeﬁ and the normal Glucose
tolerance curve was plotted. The natural louarithm ;Df mean Sernam

’ ' ) .
glucose was calculated at 10,20,30 and 60 minutes, according to
the method described bv Moorehouse et al" (62). By plotting thesc
values againét time, a Iinear relationshi; was demonstrated, and

the slope of the line represented the percent by which the seram

glucose declined‘each minute, that 1s, the glucose decay constant

.
i

or k value.

Blood samples for 'msulin levels were drawn concurrently with
glucosé specifens and all serum for insulin determinations was
stored at -20°C until all soecmens had been collected. Serum
insulin determinations were performed by radioimmunoassav in the
Erndocrinology Labora-tory, Ciinical Sciences Building, Univérsity of
Alberta. The nérmal serum insulin curve was plotted using values

obtained during the pre-operative testing of 12 normal animals.

C. Total Pancreatectomy

Anaesthesia was induced with sodium pentothal (5-mg/kg) and
maintained with halothane (0.1-1.0%) and oxygen after endotracheal

intubation. Five vercent dextrose in normal saline (25 ml/kg)
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qas 1nfusexd durine the proce-lur

The abdomen was otened throwh a lone sudline incision and
total pancreatectory was performexd after the techniaose descripesd

1

by Markowitz (49). ‘“The pancreas was robilized by caretally

Ay 3 —
Cai

secting the vertical nortion of the pancreas off the resenteric
border of the duodenum (Plates [ & 11), oreservinag the astro—
duodenal attery and the duodenal branch of the pancreatico—duodenal
artery. The 'main and access ry pancreatic ducts were lia;at'fd as
they entered the ducdenum. The mesentery suspending the horizontal
oortion of the pa.ﬁcreas was divided (Plate III) and r)@creatic
branches of the splenic ery and vein were ligated tn continulty

and divided, vermitting removal of the intact pancreas.
1

After camletion of the exneriment the fascia of the linea alba
was élosed with a continuous absorhable suture (0-Dexon, Davis and
Geck). Subcutaneous tissue was approximated with a continuous 3-0
Dexon suture, and-skin with a subcuticular suture of™ 3-0 Dexon.

The animal was extubated and 2.0 ml of Pen-Di-Stren antibiotic
solution (rogar/STB, London, Ontario) containing VZOO,OOO units of
penicillin and 250 mg of streptamycin were injected intramuscularly.
The animal was returned to its kenr}el ard allowed to recover from

the surgery. .

23

D. Tissue Preparation

The horizontal portion of the pancreas was used in the prepara-
tion of tissue fragments. Using sterile technjue, the tissue was
cut into pieces approximately 5 mm in diameter with a scalpel and

7



Plate I: Deodenum and greater amentum elevated to demonstrate
vertical ( pp) and horizontal (&) portions of the
pancreas.

Plate II: * Vertical portion of vancreas dissected fram medial border
o of duodenum; careful dissection preserved duodenal vascular
supply encountered at the apex of the pancreas (arrow).

23
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Plate III: Horizontal portion of pancreas is'Suspended in the mesen-
tery forming the dorsal leaf of the greater amentum. Pan-
creatic branches of the splenic artery and vein, which have
to be ligated, are located within the base of the mesentery
(arrow) .

Plate IV: Using iris scissors, pancreatic tissue was minced by
hand in conical glass containers, which were sea in
crushed ice to maintain tissue temperature near 4 °C.

24
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Dlaced 1noan loe-water bath 807 cnd tuncino was acoonplished
v ohand uSine: two Daars of sharp 1ris scissors cPlate U0 ATteer
approximate by 10 ranutes ! chopplna, e T1Ssue Traments wWers:
washed with 500 ml of cold buftered oi >7_5;,‘ E%Ln;r:r's- lactate

solution contaaning Trasviol (Aprotiran, Miles Pharmaceuticals,

Redale, Ontario) 500 HIL/ml and slacose 100 mg/dl and centriliucesd.

in the YD urowp the sedinented tissue {ragment$ were then suspended

1n 30 ml of colid Ranger's lactate and repeatedly 1njected thirouh

a lv—gauge needle to cplete the nechanical dAisruptlon procoess.
Passage throudh the needle was repeated until the semui-ligud
material could lxe 1njected through a l6—gauge needle. Atter resus-
pending the tilssue in the <D group, oollagenase didgestion was
carried out before i1njection throudh ;'vt:he lS;qauqe needle. Prior

to intrasplenic inplantat_ion, tie tissue 1n bot.h groups was washed
twice with 500 ml of buffered cold Rinqer's lactate; oehtrifucjed,
and the volur{of settled tissue measured after a small sample of
tissue had been taken for histological examination (Plate V & VI).

I

E. Collagenase Digestion

Collagenase (Sigma, type V, lot number 1090-6930) 1000 units/
ml, was prepared by disolving dry crystals in 30 ml of buffered
Ringer's lactate and sterilized by ultra-filtration (pore size 0.45

microns) .

C
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Plate V:—~— photomicrograph of prepared pancreatic tissue
fr ts prior to splenic ifplantation. Islets (arrows)

can be identified within the fragments. (H and E x 102&

i

D

Plate VI: mgh-ﬁa.ver photcxmcrograph of a single pancreatic tissue
: fragment prior to splenic implantation. An islét can be
identified surrounded by exocrine acini. (H and E'x 109)

3
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In the (D aroup, the washed, centriiuaed tissue was vlacad

in a 1000 ml beaker and 1000 units of collagenase ver gram o

tissue were added. Diuestion occurrexi in a shaking waterbath at
o) : . ,
37°C for 10 minutes, and was halted by the addition of 500 ml ot
o . ‘ . » o
cold (47C) buffered Ringer's lactate. The mixtire was centrituaexd,

“

the tissue collected, and two additional washes were conprletaxd.

After re-suspending the tissue fragments in 30 ml of Ringer's lactate,

repeated injection through a 15 and a l6-gauge needle was carried

oyt. Final washes were performed vrior to splenic immlantation.

~

F. Splenic Imolantation

Thirty-nine to 55 ml of settled tissue were available for
implantation. After suspmending the tissue in -30-50 ml of Ringer's
lactate, implantation was performed by direct needle puncture.of
the marginAof the spleen using a 15 or lé—-gauge 3-inch needle\~

(Plate VII). Subcapsular and deep intraparenchymal injectivons were "

_ -
-

made, and approximately two ml of tissue was implanted at each

¢

site. Care was taken to avoid injection near the splenic hilum,
to prevent ‘intraﬂvascular embolization. Splenic vessels were not
occluded during injecti/on., Bleeding fram the;punc':tﬁre sites was
controllew gentle p:ressure and the spleen was retu;ned to the
abdominal cavity. The duodenum, livér and spleer. were inspected
prior toiclosinq the‘abddminal inc‘:ision‘.

= b

G. Post~operative Care

Oral intake was withheld from all animals \during the first



~Plate VII:

-

Intrasplenic implantation of re-suspended tissue frag-
~ ments was achieved by direct injection finto the splenic
pulp using a 15 or lé-gauge needle.

-~
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DOst-overat ive day and only water was Tven o the second post -

oerative day. A rexaalar kennel diet was resimesd on The thard

day, supplemented with 4:6 capsules of pancreat 1 enzyme replacement

» (Cotazvme:, Organon Canada Ltd, West Hill, tmtario). Flve xercent

dextrose 1n normmal saline, 25 ml/ kg, was adrunisterad subcutancously
L}

on the first and second post—operatlvé day, and each animal received

an intramuscular injection of 1.0 ml of Pen-Di-Stren (roagar/STBH,

London, Ontario) antibiotic solution conecomitantly.

Doys in the apancreatic C?ontrol group (APC) recelved ro
additional medication. All transplanted animals received inter-
mediate-acting NPH Lpsulin (Connauqght laboratories lLimited, Willowiale
Ontario) 0.2-0.5 Units/kg, according .to blood glucose determinations
made the previous day. Insulin was administered subcutanecusly

each morning for 12 days.

,

H. Post-operative Observations

. 4 \
Post-operatively, the weight, general condition and fasting

serum glucose levels of each of the apancreatic animals were recorded
daily. The same parameters were measured in the transplanted

groupé daily for three.weeks and three times each week thereafter.
Intravenous glucose tolerance tests were performed on the third
post—-operative day in the pané:featectomized control group (APC)

and at two and six weeks after surgery in the transplanted groups
(CD, NCD). Mean blood glucose levelé at tmed intervals and their
natural logarithms were plotted and k valﬁes obtdined. Serum
insulin levels were also determined, and insuléresponse curves

\



were constructed.  post—omxerative survival in davs was recorded
for each animal, and the mean survival and standard error o! the

mean was calculated for cach aroup of dous.

All animals were studied until they demonstratexi severe
clinical and biochemical signs of dia‘,betes mellitus, necessitatin:
sacrifice, ylﬁ%lo’oed time period for the ;)fOfQCt had
elapsed. ls develoved superficial wound infections.
The wounds were cleaned with a solution containing chlorhexidine
gluconate, irrigated mth normal saline and palnted with gentian
violet solution. Postmortem examinationé were performed and the

\

following observations made: general condition of the gnimal,
condition of the abdaminal wound, any abnormality of stamach,
duodenum or liver related to surgery, and the stdte of the spleen.
Samples of a.n;/ abnormal organs were taken and the entire spleen
was sectioned transversely. Gross and microscoplc examination of
the splenic tissue was carried out to identify islet tissue in
the spleen. Tissue was fixed in formalin and stained with hema-
toxylin and eosin as well as Gamori's aldehyde-fuchsin with Mallory's
tx;ichrcme counterstain, to aid identification of islets. Prepara-
tion of histology slides was carried out in the Students' Labora- -
tory, Drpartnen of Pathology, University of Alberta Hospital and
the Histologv Laboratory, Surglcal-Medlcal Research Institute,
Umverslty of Alberta.

I. Statistical Analysis

&

Al]l results were expressed as mean + SEM. .Analysis of mean
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serum slucose levels for oeeach roun was e forrexd using Students’
)
t-test tor unpalrexd data.  Mkean sernum 1nsulfin values were cormaared

using analysis of wvariance. Diltfferences were significant when

- 0.095 unless otherwise 1ndicated.

A schematic summary of the experlmental rethod 1s presented

- *
on the followling page. .
@
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Lo mmgeenitentdl desults
All 21 animals oweerated upon surcived durirs: the ome<iiate
preoperative veriod.  One animal develoved rasomotor collapse
and respiratory distress after the skin had been ovrevoed with
1odine surglcal scrub solution. Resuscitation with subcutaneous
a(iren;llm (0.5 ml of 1:1000 solution), intravenous fluxd and
assisted ventilation was successful, but the surgery was not ter-

formed and the animal was excluded fran the study.

Wound infection was encountered in three.animals, two from the
APC group and one fram the NCD groun. GEach of the dous was a short-
term survivor and was clinically severely diabetic. Wound dehis-
cilence did not occur. ©One dog 1n the APC grouv develoned broncho-
vneumonia and succumbed on the sixth post-operatiye dav. Another
animal fram the NCD group died as a result of gastrolntestinal
bleeding.

The time required for tissue prevaration and lmplantation in
the NCD group was 56 + 10 m.inut_es and in the CD group 51 + 12
minutes. The time interval varied directly with the amount of
tissue processed and the number of injections required to implant
the prepared fragments. Approximately five minutes of additional
mincing was required in the NCD group before injection through the

15-gauge needle was possible.

Thirty—'nine to 55 ml of settled tissue were available for

intrasplenic implantation (2.4 ml/kg body weight). Subjectively,
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without oollaaenase, ro e resx-atexdd intections agd often il 2
TUNCInG wWere rexjulred. A lh-aauae needle agenesally ool noet b

s, ey

usexd for solenic imolantation 0f tissue not treate<d it ool

EIRI s
ase. Numerous ileces of tissue ident:ified as duct and asoilar
elements were dufficult to munce and had to bee wickesi »v o nar-! tron

the tissue being chomped.

[slets were 1dentified by microscomic examunation o the re-
vared tissue fraaments for both of the transplant groums nrior to
. . . ! N
svblenic implantation. Islets were generallv noted to be enciroled

bv exocrine tissue (Plates V & VI on page 26).

L4

During solenic irplantation tissue fragrents could he seen r»r-—
colating under the splenic camsule for several ml beyond the line
of injection. Frequently’the injected tissue remained clustered
along the injection tract and was visible beﬁeath the splenic
capsule. In four animals, tissue fraqmenté were seen travelling
in small venous tributaries in the hilum and into the splenic
vein. Subsequently, irreqular dark areas less than five ml in
' greatest diameter were noted on the surface of the liver, clus-
tered mainly about the vorta hepatis. Similar hepatic changes
were noted in three other dogs (2 NCD, 1 CD) in which venous
embolization.was not ohserved. - The lesi):n_s on the surface of the
liver were not seen at the time of PO /tjrortem examination and his-
tologic sections of liver taken frpm the porta hepatis and anterior

surface did not identify enbolizé fragments of mancreatic tissue.
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Survival in o the apancreat:c control coroun was 1906 ¢ 303 ddavs.

Fastin: hyterglycemla (serim glucose 150 ma/dl) was oresent from

1

the first post-operative day until the animals exirod or were

1ced.  Fasting serum «lucose levels rancaed from

sacrif 254 to 6N
~i/dl, with a mean of 275 + 11 m3/dl. veilcht loss of 12 - 2%

ner week occurred, with the areatest loss occurring in animals which

Ay

sur-ived tor the longest period nost—rerativelv.  In addition to
weldght loss, all animals displaved hypervhacia, marked thirst and
volvuria i1n the earlv post-operative period. Four of seven animals )
were sacrificed because of severe lethariy and an 1nability to stahd
or feed.
Transplanted animals recelved subcutaneous 1nsulin tor the

first 12 days oost—ooeratiyely. Serun glucose levels were malint;ainod
between 60 and 200 mg/dl with 0.2 to 0.5 units/kg of NPH intermediate-
acting insulin. During this weriod all the animals were active, had

A
normaf appetites, and stool frequency and character were similar to
the pre-operative stat®. Weight loss of 0 to 5% per week was noted.
After insulin therapy was withdrawﬁ, the animals 1n both transplanted
groups demonstrated progressive weight loss of 4 to 7% of body weight
per week except two dogs in the CD group which had weiadht loss rates

of 1.5 to 3.0% per week. L

Mean serum glucose levels during IVGTT for control and trans-

planted aroups at two and six weeks post-transplantation are presented
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With the cessation of nsulin therary, all the anirmals n “he
(T ard NCD <roups, except the two notexd above, cdevelotesxd iorsistont
tasting hvoerglveemia to levels sirular to thet seen 1n the APC
Groun.  Mean fasti,j_pq‘r‘zlucoag- levels were 280 + 27-mg. dl and 04+

14 mg/dl in me%and NCD aroups respectlively, two weeks alter

transplantation, and 322 + 14 my/dl and 334 * 10 mg/dl at Six weeens.

Survival in the ND jroup was 24.5 2 4.2 days, and was not

significantly different than survival 1n the A group (= = 0.161).

1}

In the CD group, survival was 43.3 + 11.4 days, and this was
significantly greater than in the APC groun (- 0.09%). Two dogs
1m this groun survived 79 and 92 davs and demonstrated fasting
normoglycemia for 13 and 48 days respectively after insulin had
bedn stopped, and their rates of weight loss were less than those

of either the NCD group or the other dogs in the CD group.

The glucose tolerance and insulln response curves for normal
and apancreatic control groums are depicted in Figure 1 and Fiqure
2. The glucose tolerance curves for the NCD and CD groups did not
conform to the normal curve at either two or six weeks after trans-
plantation. The curves for the transolante;d groups more closely
resembled that of the APC q;oup as shown in Figures 3 and 4. The
calculated k values for the transplanted groups were alnosf
identical to that of the apancreatic control qroup, indicating

effeqtively there was an absence of functioning islet tissue in

the plant recipients (Figs. 5 and 6). Insulin response curves
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Figure 5:

Figure 6:
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42
tor both transolanted rouns were abnorimal and not siomiticantly

di1fferent from apancreatic controls (Fia. 7).

Iwo animals from the (D groun had temporary oeriods ot tastinog

normoxjlycemia with mean fastinc jlucose levels of 119 ¢ 10 and
' &

100 + 7.0 my/dl. However, qglucose tolerance c'zves were abnormal
(Figs. 8 and 9) and insulin response was Slo«fv and of low magnitude
during this time. Mean serum insulin levels were not siuanificantly
(/iifferent fran the APC grecun. The k values for these animals,
although significantly different from the APC group, were 'st>i,_ll
abnormal (Figs. 10 and 11). Both animals had to be sacrificed

-

after hyperylycemia recurred because of severe cachexia.

/

Postmortem examination was performed on 19 of 21 animals studied.
Two animals were inadvertently disposed of prior to examination.

The following discussion represents.a sumation of postmortem f{ind-
~.

ings fram all of the animals examined. \/

. The skin and fascia were well healed in all cases excéot Aof
two of the three animals which had had wound infections. In those
two cases the skin was ilncommletely healec.i with several areas of
tissue granulation, bﬁt there was no evidence of suppuration. The
fascia was well healed in each case. In the abdomen, fine adhes-
" ions were present about 'the duodenum in the area from which the
pancreas wa:s'renfove;i. The remainder of _the abdomen wasA free of
adhesions in all animals exceot one, in which the lower pole of

the spleen was partially wrapped by an adherent leaf of amentum.

The duodenum appeared grossly normal except in one of the NCD group
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of anmimals which had had an eDlsode of melena on the seonth Ost -

operative day and subsexpuently explroed <)ﬁ the 27th day as a resalt

of profuse gastrointestinal bleeding. At autonsy, a circular ulcer
four ml in diameter was located five cn fram the nylorus on the

mesenteric border. In the base of the ulcer a small blood-vessel

was 1dentified.

The spleen was shrunken to one-h&i\f or one-third the size
noted at surgery. On the wrinkled splenic capsule of only seven
of 19 specimens examined, small areas of hemorrhage or vellowish
deposits were noted. On sectioning, these areas aopeared to
represent sites of implantation of pancreatic tissue and this was
confirmed bv histology. Pancreatic tissue fragments were readily
fOLhd in microscopic sections of spleen made during the nostmortem
examination, usually adjacent’ to blood-vessels or splenic trabeculae
(Plate VIII). Islets were identified in sections stained witl'i
aldehyde-fuchsin (Plate IX) and hematoxylin and eosin (Plate X),

* but were scarce. The pxedominant pancreatic tissue consisted of
exocri& acini in a loose glandular arrangement. _ Granules within
the exocrine cells were stained purple w1th the aldehyde-fuchsin,
in addition to the islet cells. Several sections demonstrated an

infiltrate of acute and chronic inflammatory cells about the auto-

transplanted pancreatic tissue (Plate XI). '

~

One animdl in the APC group died on the fifth post-operative
day and was clinically thought to have bronchopneumonia. At post-
mortem exam. the lungs were heavy, wet and boggy; air-svace consoli-

dation with leukocytes and red blood cells were noted at microscooy.



Plate VIII:

Plate IX:

In sections of spleen stained with aldehyde-fuchsin,

endocrine tissue (arrows) was readily identified
usually adjacent to blood-vessels or splenic trabec-
ulae. (x 10)

Islets were dJ.ffJ.cult to find in the spleen Aldehyde—
fuchsin stained acinar and islet tissue purple. The
glandular arrangement of the exocrine acini was obv10us
islets were recognized as irregular clusters of
variably stained celis (arrows). (x 100)

47



Plate X: Pangreatic tissue fragment located between -splenic trabecu-

' lae, and containing a-small islet (arrow). An infiltrate
¢f inflammatory cells can be seen at the superior margin
of the pancreatic tissue. (H and E x 100)

Plate XI: An intrasplenic pancreatic tissue fragment containing
.exocrine (large arrow) and endocrine (small_gprow) elements
is shown. A prominent inflammgtory infiltrate is present
in and about the autotransplanted tissue. (H and E x 40)

/
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All anirals ncliaded 1o the stady suroreesd sororieal o manroula-

tion and all were able to reswee 1 normal diet by the third nost-

owerative day.  One dog develonsd an anaphylact:ic tvoe of reaction
“ust after the sk®n of the abxiomen was clednsexd with an woxdine-

";

containing solution. Resuscitatlon was subcessful but the animal

was excluded fram the experiment. Simular ceactions have besn
noted when 1odine solutions were usexd for teritoneal irrication

in dogs with experimentally induced intra-alxiominal abscesses
(J.D. Fischer, oersonal communication), althouch none ot the other

animals 1n our study reacted to the skin-prep solution.

vascular injury to the duodenum, bowel obstruction, and blexsd-
ing or hematoma formation in the spleen were not encountered.  One
doxj in the NCD group developed profuse gastrointestinal bleeding
fram a duodenal ulcer, resulting in the animal's death at four weeks
post—transplant. The duodenum was normal in all other respects
on ggpss examination, with no relation of the ulcer to the ligated

pa':lcreatic ducts. The ulcer appeared to have been neptic in oriqgin,
possibly as a result of stress: A second animal became ill wi tJ:
respiratory distress on the fourth post-operative day and died

the following morning. Bilateral bronchopneumonia was confirmed

at autopsy. One other animal, not included in our sgudy but ken-
nelled nearby, also demonstrated a similar clinical picture and

.

was remved from the Vivarium.
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and all resoondexd satistactori oyt Lesdrisioyd o ared the arrallocatl .
of gentsoan violet, ased to rorote Wwound cre-—-sithelzalization. &

subcut icular skin closure with absorbable suture was orgelovexd
decrease loxaal irritat ion and, the dous' inherent tendency to Lick
and chew at exposed sutures. A contlnuous absorbable suture was

used for fascial closure of the abdomen, and wound dehiscience was

not encountered.

Total pancreatectany can b perfommed with munumal technical
difficulty although care must be taken to preserve the duodenal
branches of the pancreatico—duodenal vessels which course alona the
dorsal aspect of the mesenteric border of the duodenum (34). The
anatamical relationships of the dog vancreas facilitate removal of
all vancreatic tissue whereas in anlmals such as the plg, bancreat-
ectomy 1s usually incamplete because of the intimate relationship
of the dncinate process of the pancreas with the nortal vein.

Total pancreatectamy in dogs uniformly produces a diabetic state
characterized by hyrerglycemia, dehydration, weight loss and rapid
clinical deterioration. In this study, the avexécze survival was
15.6 + 4.4 da;/s"after pancreatectany; all animals in the APC group
demonstrated a markedly abnormal IVGTT, and serum insulin levels
were very low and unresponsive to dextrose infusion. !

Post—operatively all animals receivéd pancreatic enzyme supple-
ments with their regular kennel diet. The use of enzyme supplaxenﬁs

i\‘f@s' been shown to control symptams of impaired gastrointestinal h
; ‘ -absorption (35) and alﬁost completely eradicate the severe diarrhea
LA LI
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rnsulin awdkunistration. Soeciflc testing Dor tyliahsorvt Lon was et

carrie<d out.  All animals deelomed muld diarrhea and oot in
]
late 1n the course of their diabetes, however.

n addition to exocrine replacement, all transplantod anials
recelvexd dally subcutaneous 1ncections of intermedlate—act ing
insul:in for twelve days after surgery. Insulin has been used in
4an atterpt to maintaln normoglycemua in the carly post-transplant
veriod in clinical and experimental studles, and there has been
same evidence that the survival of transovlanted islets may be nro-—
moted 1n a normoglycemic milleu (8,24).

Normoglycemia was not observed in the two animals in the (D
group until seven and nine days after insulin had been discontinued.
There appeared to be a period of recovery or adjustment required
, %me islets in thelr new environment before endogencus insulin
:‘production ar;d-release resured. This veriod of altered islet

function was encountered by Mirkovitch and Campiche (58) and others
(34,35), but exogenous insulin was not administered. In later
studies by McEvoy et al (52) and Mirkovitch et al (60), 1t was
suggested that an endocrine deficiency state was important for
engraftment of transplanted islets. In spite of conflicting

evidence regarding the use of exogenous insulin, the profound de-

trimental effects of diabetes observed in experimental animals and
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veriod followin: nancreatio 1Siet transplantat ion.

s

Dpon the withdrawl of nsulin, all but two of the transyiant.«d
animals becan a clinical and biochorucal course that was ndistini-
aishable fram that of the apancreat.o controls.  Fastinog ser o

glucose levels, IVGTT curves and « values, and insulin resoonse fo

both transvlanted groups very closely approximated the falues 3@
b 4 34 : *

in the APC group, indicating the absence of an adexquate mmtxr /;ﬁ
i

functionina 1slets. That 1slets were in fact transplanted was con-

firmed by histological study of splenic tissue obtained 1mmediately

-

prior to splenic inblantation; thelr functional camability after
utplantation was demonstrated in the two animals 1n the (D uroun

¢
that %ad short periods »f fasting normoglycemia. Neither of these

animals had normal k values however, and fasting normoxjlycenmia

l::jxsted a maximum of seven weeks.

The use of dispersed pancreatic tissue‘fragments as a vehicle
for islet transplantation was employed by MirRpvitch and Campiche
(58) to avoid prolonéed and difficult separatioy teck'uu’quesv that
’resultéd in low islet vield fram vancreases of larger Ws.

This technique required implantation of a volﬁﬁme of tissue much
larger than that of isolated islets utilized in experiments: with
rodents. When this volume of tissué was injected int(; the liv&
svia the portal vein in the manner in which isolated raﬁ islets were

implanted, severe and often fatal camplications developed (34,37,56).

The spleen was found to be capable of accommodating the larger
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ol zation

of rplantation and found Jdirect irmlantation by multiple intections

nto the splenic pulo to ber the most satisfactory (36).

n this stuwdv the spleen appeared to be a suitable site of

crplantation.  Direct puncture and in-ection 1nto the solenic ouln
Were me(m)letc‘d and well tolerated. Althoucsh embolization of
tissue fragments to the liver was cbserved, no major 111 affects
were evident, as the dark blue, presumably 1schemuic drcaé, on the
;urface of the liver were not evident at posttmortem, and on one
iocgaswn, had disappeared before the abdamen was closed. C(ollateral
circulation probably accounted for the lack of detrimental effects,

.
o

as well as the fact that the volume of material embolizing to t_h(/

The dispersion of the tissue fragmenté at each site of 1mplant-

liver was small.

“ation may have been inadequate and did not permit nutrient diffusion
to main’tain viability of transplanted islets in the immediate post-
transplant -period, befor-e revascularization had occurred. Injection
via iS or l6-gauge needles was difficult at .time-s, and subcapsular |
"blot:s" of tissue were created when excessive férce was reqqired/‘
to accamlish injection. (;ollagenase-treated ‘tissue was more
easily injected and readily passed through the l6-gauge needle.

Tissue which was not digested by collagenase usually could not be



injected through a 16—(;au<;e neecle, and probably retlected larcer
fragment size. Fragment size was not directly measured in these
exper uments. Dierxigan et al (55) succesZfuily autotransovlanted to
the spleen, dispersed pancreatic tissue fragments that vassed
through a l6-gauge needlg, which has an internal diameter of
approximately 0.8 mm. Our results were ruch less satisfactory
using a similar fechnique, and‘& reasonable tor‘ postulate that
the'use of smaller fragments of tiasue would give better results.
Downing -and Scharp have developed a method for nré@gcing frigments
and isolated islets with a diameter less than 0.5 mm (14,68).
Nonnoglycemia is readily restored after transplantation of the
small fragments, but the preparation of the tissue 1s significantly

more camlicated, and islet yield may be less than after convent_ic\)n'al

methods (68) .

v

Pancreatic exocrine tissue was readily found at microscooy, but '

islets were very difficult to identify despite the use of special

stains and multiple sections. Since we did not calculate islet

yield or estimate the numiger of islets that were transplantegi the

-

pauc1ty of islets in sections of spleen obtained at post—mortem

may have reflected a small number of islets that actually were

transplanted The lr;flarrmatory 1nf1-ltrate noted in association with

the pancreatic tissue -may also have contributed to islet loss.
An accurate assessment of islet yield prior to transplantation would

have helped ta clarify' the reasons for the small nutber of islets
. ) L !
identified in the splenic parenchyma.

-
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The technigques of tissuc preparation varslesd only in resix<t
D

to the use of a 19 minute period ot Collagenaso-diqestion. (%hv
time required for tissue preparation in each of the .groups was not
significantly different however, desoite a 10 minute period of
collagenase digestion in the (D grouo. This resulted from the
difficulty encountered in injecting tissue in the NCD group throuch
the 15 and l6-gyauge needles and the extra time rexuired for
further hand-mincing. The laborious and inefficient nature of
hand-mincing noted by other investigatg/é (68,73) was apparent in
our study, and the use of an automated muncing device would be qurctuh
tp facilitate the initial steps 1in the preparation of dispersed
Jtissue fragments, permitting ravid mincing of a larger volume of
pancreatic tissue with a shorter ischemic time. |

[N

\

N

The use of collagenase to release cells from animal tissues-
; \ ‘
was introduced by Moskalewski (63) and applied to islet isolation !

by Lacy and Kostianovsky (42). Initially used in the lsolation of o
islets fram rodent pancr(éas, collagenase digestion has became an
integral process in the preparation of isolated islets and pancrea-
tic tissue fragments using the more campact panéreas of larger
animals, inc.hading human pancreas (71). However, exposure to
collagenase has been demonstrated to result in a significant loss

of islets (36) and, consequently, elaborate techniques hdve been

developed to limit the duration of exposure to the collagenase (68).

- {; ~. .
llagen}ise islcm enzyme comlex derived fram the Clostridia

ts enzymatic constituents include clostripain,

protease and other unspecified enzymes, In



adxiltlon to .ollaienase 1tselt. There 1s limated control over the
make- o of collagenase produced by oa culture of bacterla but,

once produced and collected, its enzymatitT carposition can bx
assayed and the relative effectiveness 1n releasing cells fram
different tyves of tissue assessed. In this manner, collayenase
can be typed and an individual lot can be said to gave a measurable
and consistent activitv when used for a particular application.
However, there is still wide variation in biologic activity among
different lots of the same type of collagenase and the only vracti-
cal method for determining tzé‘efficacy of a batch of collagenase
“is by trial and error (68,77). Once a specific lot has heen found
to adequately diéest pancreatic-tissue and release viable 1slets
or produce islet-containing fragments, a supply of that lot can be

*-
obtained and stored for future use (68).

The Sigma type V collagenase used in these experiments had been
shown to be effective in isolating rat islets, but had not beenv
previously tested on canine‘pancreas. The oresence of islets in
the prepared tissue fragments was confirmed histologically prior tb
transplantation in bSth the D and NCD groups, but assessment of
islet number, viability, and functional capacity was not carried
out. In this experiment, the biochemical and clinical response of
the transplant reéipients was used to measure the efficac?, or lack
thereof, of the preparatioﬁ techniqﬁes. The incorporation of a
system which would peng;t in vitro measurement of insulin release
by harvested islets coupled with a method of calculating islet

yield{ would permit elimination of tissue implantation and the sub-

“»
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sexjuent tfollow—up periad.  The assessment of technicues used to

vrepare 1slet tissue for transplantation would b sinplifrexd.
4

Kretschmer et al suugested that collagenase was resvonsible
for a major proportion of islet lagss or 'mjury during tissue pre-
paration (37). Using Worthinqtdn type IV collagenase (€00 U/qg
‘of tissue), they demonstrated that a digestion period of 16 to 20
minutes was the rmost effective 1n producling successtul pancreatic
fragment transovlants. Our study utilized Si(}rﬁa tvoe V collagenase
(1000 U/g of tissue) and a period of 1) minutes was chosen to

N
allow for the difference in type and concentration of C()(ilaf;masc.
Although two animals which were transvlanted with collagenase-
treated tissue demonstrated temporary normogjlycemia, the technigue
emplbyed was generally inadequate. Additicnal experiments 1ncor-
porating longer and shorter digestion times and varying concentra-

tions of collagenase, may have permitted identification of an

optimal duration of collagenase digestion.

Several methods o;f exposure to collagenase have been prooosed
for the preparation of pancreatic fr.;agments. Direct intraglandular.
injection of room temperature collagenase, as described by Mirkovitch
and Cad%iche (58), was found to be ineffective in our laboratory
as well as that ofvothers (36). Perfusion er distension of the
pancreas via the ductal or {(enous system pr}or to mincing, was
advotated by Kretschmer et al (36), and Downing et al (14). These
investigators and otﬁers {34,55), have employed two periods of
exposﬁxe‘ to collagenase, before arid afte;" mincing, and have incor-

porated sovhisticated systems of screens, filters and irrigation



to remove islets and microfragments f{rom the collagenase as they
are liberated. Using these methads, 1t was possible to restore
fasting normoglycemia consistently after transplantation of the

prepared pancreatic tissue (14,36,55).

Although the technigue enployed to prepare pancreatic tissue
fragments in this series of experiments was largely unsuccessful,
transient correction Qf hyperglycemia was achieved in two anumals
that had received tissﬁe\treatod with collagenase. Support for the
use Of collagenase was proVideé bv this limited success, but
anotlgr.;pﬁ'a‘.ir of problem:- were -also oresentéd. why did the function-
ing grafts‘fail af-er approximately two and seven weeks of fasting
normoglycemia? Why were IVGIT curves and k values in the abnormal
range despite normal fasting glucose levels? In their initial
report in 1976, Mirkovitch and Campiche noted that all the trans-

planted animals had pramwpt and "almost normal” responses to glucose

‘loading. [Kolb et al (34) and Kretschmer et al (36) subsequently

_demonstrated that transplanted animals had consistently abnormal

.

IVGIT curves and k values despite normal fasting glucose levels.

The reversal of the diabetic state was incomplete, and the animals
were in fact latent diabetics. Mirkovitch et al later confirmed

these results in their laboratary (59).

- - I3

 Several explanations hav%been proposed to explain this rather

disheartening finding. One guggests that simply an insufficient

number of islets were transplanted, and that more tissue or different

sources should be used; another suggests that the processing of the
tissue and exposure to collagenase damages the islets, impairing

LN

=

v
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thelr tunction as well as decreasing their mombers.  The swall
number of islets then becare metabolically exhausted and, althouadh
fasting normxjlycemia can be maintainedd, the response to a :lucose

challenge is impaired (34).

Islet fatigue may be a significant factor in latent diabetes
observed}after pancreatic fragment autotransplantation, but another
sitc ot islet loss must also be considered. Despite an absence
of #verse histological changes observed in the splemic parenchyma
by several investigators four to eight weeks post-transplantatior
(34,35,59), it may be possible tha£ impianted pancreatic fragments
initiate an inflammatory response which results in progressive islet
attrition. In our experiments, an inflammatory infiltrate of un-
certain significance was noted in sections of spleen containing
pancreatic tissue. Histological examination of pancreatic tissue in
splenic parenchyma six to 12 months after implantation may indicate
that prpgressive‘fibrosis results in secondary deterioration of

islet funmction, as noted by Idezuki et al after duct ligation of

segmental pancreatic transplants (26).
Regardless of the mechanism of islet failure, however, the

correction of the diabetic state after intrasplenic implantation

of pancreatic tissue fragments has been demonstrated to be incomplete

and the léngevity of any initial correction has remained unknown (71).

Inproved ¢ethods of preparing and implanting pancreatic tissue

fragments are required.
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VIDL o Swmary and Conclusions
- . e —— — e —

Total pancreatectany can be ;x:rtonvedw 1n the dod with low
morbidity and mortality and a characteristic diabetic state 1s
pr‘iuoed. Post-operatively, pancreatectamized animals also show
signs of ex?crine insufficiency: diarrhea and ma'.labsorpr_lon can
be correct;ed by supplerenting the reqular kennel diet with exocrine
enzyme replacement. In the early post-operative period the siuns
and symptams of diabetes were controlled by the administration of
exogenous insulin. The use of insulin during this period is justi-

fied oﬁu clinical and biochemical grounds.

The cbjective of this project was to study a simple method of
preparing dispersed pancreatic tissue fragments and to dewelop a
working model of intrasplenic a‘utotransplantatior{ in the dog.
Althoudgh we atterrp;ced to duplicate the work of other investigators
by incorporating hand-mincing and a 10 minute period of collagenase
digestion (36,55,58), the techniques employed in this experiment
were pr’:obably oversimplified and as a résult, ineffective. Hand-
mincing is laborious and inadequate when used alone. Mechanical
mincing also cantributes significantly to islet loss, but some form
of mechanical disruption appears to be necessary (35)'. The use of

collagenase has been found to.be an important element in tissue

preparation, but it contributes to islet injury (68,71).

After reviewing the current literature and analyzing our own

experienoes, several dbservations and recamrendations can be made

\
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reecarding the preparation ! pancreatic tissie fraaments.

I.

L Jea]
.

The tissue should be chopped tor as short a jeriod as

possible to Limit islet injury. ’

An automated chopplng device would shorten the ischemuc

time and permit processing .of a larger volume of tissue.

Mincing may alsé be facilitated by preliminary retrograde
venous or ductular distension of the intact gland with

onld (4OC) buffered salt solution which has been shown

to initiate rrec:harﬁcal dissocliation of endocrine and exocrine

elements, apparently without damaging the islets (68).

Collagenase digestion nust be fontrolled and liberated
islets or tissue fragments must be protected or remowved
from the bulk of the tissue being treated to lirdit islet

damage (14). C

The optimal size of prepared fragments has not been deter-
mined but fragmerits approéching 0.5 mm in diameter would be
expected to survive and function more efficiently after

. %
transplantation.

‘The final step in preparing pancreatic tissue fragments

should be an evaluation of the product. Rather than follow-

ing the course of a trahsplant recipient, in vitro assessment

of islet yield and viability shcuid be carried out so that

modifications to the technique can be more readily applied.
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7 The optinal technlaue ol preparing bdancreatl

3

CoeendOC R

5 not presently Known.

tisswe for transplantation i

Intrasplenic autotransplantation of dispersed pancreatlo tisse

fragments in the dog has evolved as an effective maxdel for studyino

-

pancreatic 1slet transplantation. Endogenous insulln secretion and
normoglycemia can be restored in totally pancreatectarized dogs.
However, reversal of the diabetic state 1s incomplete ard long-term

function of the transplanted tissue has not been adequately denonstrated.
Better techniques to prepareé large numbers of vidble islets or

islet-contaiging fragments, are needed.
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